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IHTRODUC?nON 

The  occurrence  of  trlme thylami. ne  oxide  in  laarine  animals  is 
interesting  because  of  its  indirect  effect  on  the  quality  of  seafood. 

The  purposes  of  this  review  are  (l)  to  coaipile  pertinent 
information  on  the  occurrence  of  trime thylnmi, ne  oxide  in  marine  animals 
and  (2)  to  examine  current  ideas  on  the  origin  and  function  of  trimethyl- 
amine  oxide  in  these  animals. 

CHEMICAL  NATURE  OF  TRIMETHYLAMINE  OXIDE 

Trimethylamine  oxide  has  the  following  structure: 


The  oxide  is  a  solid  with  a  melting  point  of  257*  C.  It  is  soluble  in 
water,  acting  as  a  weak  base  with  a  dissociation  constant  for  the  cationie 
acid  of  1^.65  (Ronald  and  Jakobsen  19^1-7).  The  salts  of  the  oxide  have  a 
marked  buffering  action  in  the  region  of  pH  4.5  (Castell  1949a*  Suyama  1958)' 
In  aqueous  solution,  the  oxide  is  stable  between  pH  3  and  9  when  heated  at 
107*  for  7  hours  (Ronald  and  Jakobsen  19^7).  The  oxide  can  act   as  a 
hydrogen  acceptor;  it  is  reduced  to  trimethylamine  in  the  presence  of  iron 
or  hemoglobin  catalyst  and  cysteine  (Vaisey  1956)  and  also  by  an  enzyme 
triamineoxidease  (Tarr  19^0),  which  is  present  in  a  nuniber  of  different 
species  of  bacteria  (Castell  1949b,  Tarr  1939) •  Trimethylamine  oxide  is 
not  toxic  to  animals. 

OCCURREHCE 

Trimethylamine  oxide  is  found  with  other  kinds  of  noixprotein 
nitrogen  compounds  in  the  fluids  and  tissues  of  marine  and  fresh-water 
animals.  Although  this  report  is  concerned  primarily  with  trimethylamine 


oxide  in  marine  animals,  a  short  discussion  of  its  occurrence  in  fresh- 
water animals  is  included  for  cosnparison. 

Occurrence  in  Marine  Animals 

Table  1  gives  the  content  of  trimethylaaaine  oxide  in  a  numher 
of  marine  animals.  The  oxide  has  been  found  in  a  coelenterate,  an  echl- 
noderm,  some  molluscs,  all  Crustacea,  all  elasmobranchs,  most  teleosts, 
a  reptile,  and  two  mannals.  Trimethylamlne  oxide  is  not  found  in  marine 
plants;  however,  trimethylamlne  and  dlmethylamlne  are  found  in  matrine 
algae  ( Kapeller- Adler  and  Vering  1931) • 

Table  3  gives  the  mean,  range,  and  standard  deviation  of 
trimethylamlne  oxide  in  the  major  groups  of  marine  animals.  The  mean  content 
of  trimethylamlne  oxide  is  13^*5  mg.N/lOO  g.  in  the  elasmobranchs.  The  mean 
content  of  the  oxide  in  the  marine  teleosts,  Crustacea,  molluscs,  and  fresh- 
water teleosts  is,  respectively,  about  OAl,  0.32,  0.26,  and  -^D.l  that  of 
the  elasmobranchs. 

There  is  a  wide  variation  in  oxide  content  among  the  species 
that  compose  each  group  of  animals.  Values  of  38  "to  6k  mg.H/lOO  g.  have 
been  reported  for  sprat,  Clupea  sprattus  (Ronald  and  Jakobsen  ISk'j) ,   whereas 
values  of  3  and  k  mg.  N/lOO  g.  have  been  reported  for  albacore,  Germo 
alalunga,  and  bluef in  tuna,  Thunnus  thynnus,  respectively  (Kawabata  1953) • 
Shewan  (^1951)  has  reported  that  the  mean  content  of  oxide  in  Arctic  specimens 
is  higher  than  that  found  in  North  Sea  specimens  of  the  same  species. 

Seasonal  variations  in  oxide  content  of  herring  have  been  observed 
by  Ronald  and  Jakobsen  (19^7) •  They  have  reported  that  the  oxide  content 
in  the  tissue  in  winter  is  up  to  100  percent  greater  than  that  found  in 
summer. 

The  mean  content  of  oxide  in  cod,  Gadus  morrhua,  haddock,  Gadus 
a^glefinus,  and  whiting,  Gadus  merlangus,  is  greater  in  large  than  in  small 
fish. 

Uneven  distribution  of  the  oxide  in  different  parts  of  the  fish 
has  been  observed  ( Shewan  1951^  Suyama  and  Tokuhiro  195^4-).  The  dark  lateral 
line  of  the  flesh  of  herring  and  tunny  contains  only  about  half  as  much 
triaethylami ne  oxide  as  is  found  in  the  rest  of  the  muscle. 

Aside  from  the  differences  in  diet  among  the  various  species,  no 
explanation  can  be  given  for  the  differences  in  trimethylamlne  oxide  con- 
tent correlated  with  geographic  area,  season,  or  size  of  the  fish.  The 
finding  of  a  tissue  trimethylamlne  oxide  reductase  in  the  dark  meat  of 
albacore,  Germo  alalunga,  and  frigate-mackerel  tissue,  Auxis  tapeinoscana, 
(Kawabata  19537  suggests  that  the  variation  in  content  between  different 

?arts  of  the  fish  is  due  to  the  enzymatic  breakdown  of  trimethylamlne  oxide 
o  trimethylamlne.  Other  investigators  have  been  xmable  to  show  that  tri- 
methylamlne oxide  is  reduced  in  swordfish,  cod,  and  halibut  muscle  (Anderson 
and  Fellers  19^9,  Shewan  and  Jones  1957,  Tarr  1939). 
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Occurrence  in  Fresh-Water  Animal s 

Fresh-water  animals,  in  comparison  to  marine  animals,  contain 
little  trimethylamine  oxide  (tables  2  and  3).  The  mean  content  of 
trimethylamine  oxide  in  marine  teleosts  vas   5^.9^  whereas  in  fresh-water 
teleosts  it  was  only  7*5  nig.  trimethylamine  oxide  nitrogen  per  100  g. 
Trimethylamine  oxide  is  not  found  in  fresh-water  plants  or  in  fresh-water 
zoopleinkton  (Kapeller-Adler  and  Verinig  1931)  •  Dimethyl-  and  trimethyl- 
amine are  also  absent  from  fresh-water  algae,  but  methylamine  is  present. 
Tertiary  amines  have  been  reported  in  a  number  of  land  plants  (Challinor 
1911^,  Cromwell  1950,  Gessner  1950,  Guggenheim  1951,  Henry  and  Grindly  19^4-9, 
Smith  and  Yoxzng  1953,  and  Steiner  and  Stein  195^4-). 

PHYSIOLOGICAL  AMD  BIOCHSGCAL  SIGNIFICANCE 
OF  TRIMETSnAMINE  OXIDE 

It  is  not  unreasonable  to  expect  that  trimethylamine  oxide,  which 
is  widely  distributed  in  marine  organisms,  is  associated  with  some  function 
or  functions  in  these  animals.  It  has,  however,  been  difficult  to  show 
these  expected  relationships.  Consideration  is  given  in  the  following 
sections  to  the  probably  functions  of  trimethylamine  oxide  in  different 
animals  and  to  the  theories  on  the  origin  of  the  oxide. 

Osmoregulation  and  Excretion 

Since  there  are  differences  in  osmoregulation  and  excretion  among 
the  groups  of  marine  and  fresh-water  animals,  the  possible  relationship  of 
trimethylamine  oxide  to  these  functions  will  be  discussed  for  each  group  of 
animals. 

Elasmobranchs . - -The  osmotic  pressiire  of  the  tissue  fluids  of  the 
marine  elasmobranch  is  greater  than  that  of  sea  water  or  of  the  urine  of 
these  animeds  (Baldwin  19li-8,  Smith  I93I  and  I936) .  A  urea  content  of  2.0  to 
2.5  percent  plus  trimethylamine  oxide  may  constitute  k2   to  55  percent  of  the 
total  osmotic  pressure  of  elasmobranch  plasma  (Cohen,  Krupp,  and  Chidsey 
1958) .  Trimethylamine  oxide  contributes  7  to  12  percent  of  this  total 
(Hoppe-Seyler  1930).  Although  this  contribution  is  smsill,  it  appears  to  be 
important,  since  renal  conservation  of  the  oxide  has  been  shown  in  elasmo- 
branchs. The  filtered  oxide  is  almost  completely  reabsorbed  in  the  kidney. 
Hoppe-Seyler  (1930)  observed  that  the  concentration  of  the  oxide  in  the 
urine  was  10  percent, or  less,  of  that  in  the  plasma.  The  mean  concentration 
of  oxide  in  the  plasma  for  39  specimens  of  dogfish  was  99  +  li;  mg.  N/lOO  ml. 
Over  a  2i4-hour  period,  this  concentration  only  varied  6  to  9  nig.  N/lOO  ml. 
per  specimen.  This  shows  that  the  concentration  is  controlled  over  a  narrow 
range  (Cohen,  Krupp,  and  Chidsey  I958). 
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Table  3. — Summairy  of  trimethylamlne  oxide  content  of 
marine  and  fresh-water  animals 


Kind 

No.  of 
species 

Concentration 

Range  i/ 

Mean 

Std.  dev.^  ^ 

Mg.  N/100  g. 

Mg.  N/100  g. 

Mg.  N/100  g. 

Molluscs 

35 

0-195 

35.2 

51.3 

Crustacea 

18 

3-105 

il-3.0 

27.6 

Elasmobranchs 

19 

29-275 

13^^.5 

65.0 

Marine  teleosts 

72 

0-li^3 

5i+.9 

26.1 

Fresh-water  teleosts 

?1 

0-17 

7.5 

'?.h 

1/  Where  two  or  more  values  are  reported  for  a  species  the  mean  of 
these  was  used  to  represent  the  range  and  to  calculate  the  standard  devia- 
tion. 

2/  The  steuidard  deviation  was  calculated  using  the  relationship 


£x2  -  (^x)- 
N 


where  (x)  is  the  content  of  oxide  in  milligrams  per 
100  g.  and  (N)  is  the  number  of  species  considered. 


Teleosts . — The  mean  freezing-point  depression  for  the  fluids  of 
the  marine  teleost  is  about  -O.7*  C.,  and  that  for  sea  water  is  about 
-2.0*  C.  or  more.  Since  the  depression  of  the  freezing  point  varies  pro- 
portionately with  osmotic  pressure,  the  marine  teleost  must  eliminate 
metabolic  products  from  its  tissues  against  an  osmotic-pressure  gradient 
(Baldwin  I95I) . 

The  content  of  trimethylamine  oxide  in  blood  plasma  of  the 
teleost  is  low  compared  to  that  in  the  blood  plasma  of  the  elasmobranch . 
The  following  values  have  been  reported:  Lophius  piscatorius  12-17  mg. 
N/lOO  ml.  (Briill  and  Nizet  195^),  Sebastodes  sp.  negligible,  Scorpaenichthys 
marmoratus  negligible,  and  Pleuronectidae  sp.  negligible  (Horris  and  Benoit 
1914.5a) .  The  small  amount  of  oxide  in  the  teleost  blood  and  the  lower 
osmotic  pressure  of  this  blood  compared  with  sea  water  make  it  appear 
unlikely  that  trimethylamine  oxide  functions  as  an  osmoregxilator .  There 
are,  however,  several  observations  that  suggest  this  function.  Smith 
(1958),  in  the  course  of  Arctic  studies,  foxmd  that  the  freezing  point 
depression  for  fluid  in  the  tissue  of  Arctic  teleosts  that  live  near  the 
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surface  fluctuates  between  approximately  -1.5°  in  winter  and  -0.8°  C. 
in  summer.  The  content  of  tissue  oxide  in  herring  in  winter  is  about 
double  that  found  in  summer  (Ronald  auid  Jakobsen  I9U7) .  The  tissue  of 
Arctic  fish  has  a  greater  content  of  oxide  than  does  that  of  fish  of  the 
same  species  caught  in  the  North  Sea  (Shewan  I95I).  These  data  suggest 
the  possibility  that  trimethylamine  oxide  coxxld  function  to  increase 
osmotic  pressure  to  allow  the  teleost  to  live  in  cold  water  without  the 
danger  of  becoming  frozen. 

Since  the  tissue  fluids  of  the  teleost  are  at  a  lower  osmotic 
pressure  than  is  its  sea-water  environment,  the  animal  is  in  constant 
threat  of  being  dehydrated.  Teleost  tirine  has  been  shown  to  be  hypotonic 
to  plasma.  The  teleost  conserves  water  that  would  go  into  tbe  production 
of  urine  by  excreting  up  to  90  percent  of  its  excretory  nitrogen  through 
the  gills  in  the  form  principally  of  ammonia  (Baldwin  19^8) .  About  one- 
half  of  the  urinary  nitrogen  excreted  by  Lophius  piscatorius  was  trimethyl- 
amine oxide  (Grollman  I929) .  Using  the  same  animal,  Erull  and  Nizet  (l^^k), 
however,  reported  that  the  main  nitrogenous  constituent  in  the  urine  was 
creatinine.  Evidence  is  also  lacking  on  the  permeability  of  gill  tissue 
to  trimethylamine  oxide.  It  has  been  presumed  that  the  oxide  is  not 
excreted  via  the  gills. 

Other  marine  animals. --.The  physiological  fiinction  of  trimethyl- 
amine oxide  in  marine  invertebrates  is  not  known.  Marine  invertebrates 
are  generally  in  osmotic  equilibrium  with  their  environment  (Florkin  19^9) • 
These  animals  apparently  maintain  this  equilibrium  by  transfer  of  inorganic 
salts  and  water  across  membranes;  therefore,  the  oxide  probably  does  not 
have  an  importeint  osmotic  function  in  these  animals. 

Fresh-water  teleosts.--The  depression  of  the  freezing  point  of 
fresh  water  is  seldom  greater  than  -0.02*, whereas  that  for  the  tissues  of 
the  fresh-water  teleost  is  approximately  -0.6°  (Baldwin  I95I) «  These  data 
show  that  the  tissues  of  the  fresh-water  teleost  are  at  a  greater  osmotic 
press\ire  than  is  their  environment.  Considering  the  low  concentration  of 
trimethylamine  oxide  in  fresh-water  fish  (tables  2  and  3)*  it  does  not 
appear  that  the  small  degree  of  osmotic  pressure  contributed  by  the  oxide 
could  be  considered  an  important  function  in  these  animals. 

Nitrogen  Metabolism 

Although  the  origin  of  trimethylamine  oxide  is  unknown,  a  number 
of  suggestions  have  been  made  that  relate  the  occurrence  of  trimethylamine 
oxide  in  an  animal  to  metabolism  of  nitrogen- containing  compounds. 

Trimethylamine  oxide  as  a  product  of  protein  metabolism. --Hoppe- 
Seyler  (1930)  has  suggested  that  trimethylamine  oxide  is  the  nontoxic  end 
product  of  protein  metabolism.  Thus  far  no  metabolic  pathway  for  synthesis 
of  trimethylamine  oxide  has  been  worked  out  for  the  fish  or  for  any  other 
living  organism.  Baldwin  (I95I)  suggested  that  trimethylamine  oxide  may 
be  endogenous  in  origin,  since  some  marine  teleosts  cein  excrete  up  to  30 
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percent  of  their  totsil  excretory  nitrogen  in  the  form  of  trimethylamine 
oxide.  There  are  data  to  show  that  not  all  teleosts  excrete  large  ajno\ints 
of  trimethylamine  oxide.  Wood  (I958)  showed  that  trimethylamine  oxide 
made  up  only  a  small  fraction  of  the  excreta  of  sculpin,  Leptocottus 
armatus ,  starry  flounder,  Platichthys  stellatus,  and  blue  sea-perch, 
Taeniotoca  lateralis. 

Ogilvie  and  Warren  (1957)  reported  that  trimethylamine  oxide 
may  originate  in  the  killifish,  Fundulus  heteroclitus,  by  an  endogenous 
process.  They  offered  this  as  an  explanation  for  the  apparent  accxomula- 
tion  of  the  oxide  in  the  tissues  of  fasting  animeils  and  of  animals  on  an 
oxide-free  diet.  This  interpretation  is  probably  incorrect,  since  the 
oxide  content  was  reported  in  \mits  of  mg.  N/lOO  g.  flesh  and  no  consider- 
ation was  given  the  possibility  that  the  animals  may  have  lost  weight  and 
thus  have  shown  an  apparent  increase  in  tissue  oxide. 

It  has  been  presumed  that  if  trimethylamine  oxide  is  synthesized 
by  marine  teleosts,  the  last  step  will  involve  the  conversion  of  trimethyl- 
amine to  trimethylamine  oxide.  Kapeller-Adler  and  Vering  (I93I)  reported 
that  aji  enzyme  system  to  catalyze  this  reaction  is  lacking  in  teleosts  and 
amphibia.  Such  an  enzyme  system  has  been  demonstrated  in  man  and  in  other 
mammals  (Lintzel  1935,  Norris  and  Benoit  19i<-5b,  Tarr  19i)-l). 

Trimethylamine  oxide  from  an  exogenous  source. — Benoit  and  Norris 
(19^5)  showed  that  young  salmon  raised  in  a  marine  environment  on  an  oxide- 
free  diet  do  not  accumulate  trimethylamine  oxide  in  muscle  tissue.  When 
the  salmon  were  fed  a  diet  containing  oxide,  some  retention  resulted. 
Hashimoto  emd  Okaichi  (1958a,  b)  reported  that  dietary  trimethylamine 
oxide  is  accvunulated  in  the  niuscles  of  the  goldfish,  Carassius  auratus , 
and  the  eel,  Anguilla  japonica;  however,  when  these  fish  were  fed  an 
oxide-free  diet,  the  oxide  was  not  found  in  the  muscle.  Okaichi,  Manabe, 
and  Hashimoto  (1959)  reported  that  the  globefish,  Fugu  niphobles,  and 
filefish,  Monacanthus  cerrhif er .  acciamulate  ingested  trimethylamine  oxide 
in  their  tissues,  whereas  the  jack  mackerel,  Trachvtrus  .laponicus,  does  not. 

If  we  accept  this  idea  that  trimethylamine  oxide  in  the  food  is 
accumulated  in  the  tissue  of  fishes,  then  we  should  look  for  the  synthetic 
or  metabolic  source  of  the  oxide  at  some  point  in  the  food  chain.  Consider- 
ing the  food  chain  in  reverse,  we  find  that  the  larger  teleosts  utilize 
smaller  fishes  and  other  larger  marine  animals  as  food;  these  animals 
utilize  the  zooplankton,  the  zooplankton  utilize  the  phytoplankton,  and  the 
phytoplankton  synthesize  their  food  by  photosynthesis.  The  first  point  in 
the  food  chain  where  trimethylamine  oxide  is  found  is  in  the  zooplankton. 
The  oxide  fotind  in  zooplankton  could  get  there  by  two  routes.  The  simpler 
would  be  the  conversion  of  the  trimethylamine  found  in  the  food — marine 
plants  (Channing  and  Young  1953,  Kapeller-Adler  and  Vering  193l)--to  the 
oxide  by  the  zooplankton.  The  more  complex  route  woiold  involve  the  synthesis 
of  the  oxide  in  the  zooplankton  from  smaller  fragments.  It  appears  that  a 
study  of  zooplankton  in  which  the  trimethylamine  oxidase  system  and  trans- 
methylation systems  are  investigated  might  give  vsJ-uable  information  on  this 
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aspect  of  the  problem. 

Trlmethylamine  oxide  as  a  methyl  donor  and  Its  relationship  to 
other  methylated  compounds. — Barrenscheen  and  Pajatlitschko  (1950)  have 
shown  that  trimethylamine  oxide  acts  as  a  methyl  donor  for  the  synthesis 
of  choline  in  the  muscle  brei  of  guinea  pig.  This  system,  which  is  called 
cholinepherase,  has  not  been  reported  in  marine  animals. 

Since  trimethylamine  eind  trimethylamine  oxide  do  not  prevent 
lipotropic  changes  in  the  livers  of  experimental  animals  as  does  choline 
(Moyer  and  du  Vigneaud  19^2),  the  transmethylation  functions  that  have 
been  given  to  choline  have  not  been  ascribed  to  trimethylamine  oxide 
(Arnstein  1955). 

Bach  (l9'4-5)  suggests  that  some  marine  suiimals  possess  a  large 
methylating  capacity,  as  is  shown  by  the  occurrence  of  tetramine. 


r(cH3)i,  hT", 


in  the  Actinia  (sea  anemone).  A  number  of  other  methylated 


compounds  have  been  found  in  marine  animals.  Seme  of  these  are   choline, 
glycine  betaine,  gamma-butyrobetaine,  homarine,  trigonelline,  stachydrine 
(Shewan  1951),  dimethyl thetin  (Patton  I958),  methionine,  and  dimethyl- 
be  taine  (Welsh  and  Prock  I958) . 

Other  tertisiry  amine  oxides. — Tertiary  amine  oxides,  the  family 
of  compounds  to  which  trimethylamine  oxide  belongs,  are  known  to  occur 
as  components  of  plants  and  animals  (Fish,  Sweeley,  and  Horning  1956) . 
It  is  not  known,  however,  what  the  function  of  these  oxides  might  be  in 
the  plants  eind  animals.  The  frequency  with  which  they  occur  in  living 
organisms  suggests  that  they  are  something  more  than  terminal  oxidation 
products  of  amines  (Fish,  Johnson,  and  Horning  1956) .  It  has  been  found 
possible  to  carry  out  a  ferric-ion  induced  rearrangement  of  tertiary- 
amine  oxides  under  mild  conditions  to  yield  as  products  a  secondary  amine 
plus  formaldehyde  or  formic  acid.  This  rearrsuagement  has  been  shown  for 
N,H-dimethyl-tryptamine  oxide  (Fish,  Johnson,  and  Horning  1956)  and 
trimethylamine  oxide  (Vaisey  I956) . 

Formation  of  trimethylamine  oxide  in  mnmmals  as  a  result  of 
degradation  of  choline  or  choline-containing  derivatives. — Choline  fed  to 
rats  is  excreted  in  the  urine  as  trimethylamine  oxide  (De  la  Huerga  and 
Popper  1952,  Korris  and  Benoit  19^5b).  This  is  caused  by  bacterial 
breakdown  of  choline  to  trimethylamine  in  the  intestinal  tract  (Dyer  euid 
Wood  19^7);  and  following  absorption,  the  trimethylamine  is  converted  to 
the  oxide  by  trimethylamine  oxidase.  Very  small  amo\ints  of  trimethylamine 
oxide  and  trimethylamine  are  present  in  mammal  tissues;  however,  no 
function  has  been  reported  for  these  compounds. 

SUMMARY 

Trimethylamine  oxide  has  been  reported  in  a  coelenterate,  an 
echinoderm,  some  molluscs,  all  crustaceans,  all  elasmobranchs ,  most 
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teleosts,  a  reptile,  and  manmals  from  a  marine  environment  and  in  a 
crustacean,  most  teleosts,  and  an  amphibiaii  from  a  fresh-water  environment. 
In  general,  animals  from  a  marine  environment  contedn  much  greater  amounts 
of  the  oxide  than  do  animals  from  a  fresh-water  environment.  The  oxide  is 
unevenly  distributed  among  marine  animsils.  In  marine  teleosts,  the  factors 
of  geographic  environment,  species,  season,  size,  and  location  in  the 
animal  affect  the  content  of  oxide. 

Trimethylamine  oxide  has  not  been  reported  in  plants;  however, 
other  tertiary  amine  oxides  and  tertiary  amines  have  been  reported. 

Trimethyl amine  oxide  appears  to  contribute  to  the  osmotic  pressure 
of  the  elasmobranch .  It  is  not  known  if  the  oxide  functions  as  an  osmotic 
pressure  agent  in  the  teleost. 

Certain  marine  animals  possess  a  strong  methylating  capacity. 
It  has  been  reported  that  trimethylamine  oxide  will  methylate  choline  in 
a  system  isolated  from  a  mammal;  however,  no  such  system  has  been  isolated 
from  a  marine  animal. 

It  has  been  suggested  that  trimethylamine  oxide  is  endogenous  in 
origin  and  that  it  might  be  a  product  of  protein  metabolism.  There  is, 
however,  no  direct  evidence  to  prove  this  point.  Mechanisms  for  the  syn- 
thesis of  trimethylamine  oxides  have  not  been  demonstrated  in  emimals  or 
plants . 

In  higher  marine  animals,  the  occurrence  of  trimethylamine  oxide 
can  be  caused  by  an  exogenous  source,  since  it  has  been  shown  that  the 
oxide  can  accxunulate  in  the  muscles  of  fish  from  trimethylamine  oxide  in 
the  food.   The  zooplankton  are  the  first  animals  in  the  food  chain  that 
contain  the  oxide.  Zooplankton  could  obtain  the  oxide  by  converting 
exogenous  trimethylamine  to  the  oxide  or  by  synthesizing  the  oxide  from 
smaller  frsigments.  The  primary  origin,  however,  of  trimethylamine  oxide 
in  marine  animals  is  still  to  be  explained. 
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